I. INTRODUCTION
Strongly interacting degrees of freedom in condensed matter systems often lead to novel emergent properties such as metal-insulator transitions (MITs), superconductivity, colossal magnetoresistance, and high phase transition temperature (T c ) superconductivity [1] [2] [3] [4] . Because they arise from multiple strongly interacting degrees of freedom, these emergent properties are highly sensitive to external factors such as temperature, strain, chemical doping, and applied fields. The true potential of strongly correlated systems lies in this sensitivity to external parameters. With sufficient understanding, the properties of these materials could be engineered to match specific applications. The technological impact of harnessing these novel properties for applications cannot be overstated.
Additional experimental data are needed to further inform our understanding of these materials. Unfortunately, the same sensitivity to external parameters that makes these materials so promising for future applications makes experimental characterization difficult. The emergent properties can vary widely among different samples of the same material, as different growth techniques and conditions result in variations in strain, stoichiometry, and microstructure. Thus, for experimental measurements of these systems to provide meaningful insight, the external parameters, the intrinsic interacting degrees of freedom, and the resulting properties must all be well characterized. Hence, measurements on samples subject to external perturbations, for example, pressure and strain [5] [6] [7] [8] [9] [10] , can provide additional insight into the underlying physics of these systems.
Vanadium dioxide (VO 2 ) is perhaps the canonical strongly correlated transition metal oxide; its relatively simple unit cell and stoichiometric composition make it an ideal material to study strong correlations. Bulk VO 2 undergoes a MIT at T c = 340 K between an insulating phase below the T c and a * Corresponding author: mumtaz@wm.edu metallic phase above the T c . The MIT is accompanied by a structural transition between the insulating monoclinic (M 1 ) lattice and the conducting rutile (tetragonal) lattice [ Fig. 1(a) ]. Despite extensive research, the precise relationship between the lattice structure and the electronic properties remains elusive. As the vanadium atoms are in the 4+ valence state, there is expected to be one electron in the vanadium d orbitals. The crystal field of the oxygen octahedron splits the vanadium d orbitals into two higher energy e σ g orbitals, which contain lobes pointing towards the oxygen atoms, and the remaining three lower energy t 2g orbitals. The t 2g orbitals are additionally split into two e π g and one a 1g orbital. The a 1g band has lobes pointing along the rutile c r (M 1 a M ) axis and is slightly lower in energy than the e π g band. Early on, a simple scheme was proposed by Goodenough [11] to explain the role of the structural transition in the MIT in terms of the vanadium d orbitals. The structural change from rutile to M 1 has two salient features: a dimerization of the vanadium atoms along the rutile c r (a M ) direction and an antiferroelectric type tilting of these vanadium dimers relative to the surrounding oxygen structure. Insulating behavior was proposed to arise as follows. The dimerization would lead to a splitting of the a 1g orbitals into bonding (a 1g ) and antibonding (a * 1g ) bands, while the antiferroelectric tilting of the vanadium pairs would lead to an upshift of the e π g orbitals away from the Fermi energy to produce a gap between the filled bonding a 1g band and the empty e π g band [11] . This effective band structure scheme is qualitatively supported by experimental data on bulk crystals and thin films [12] [13] [14] . However, a precise quantitative understanding of how this scheme is realized-in particular, the roles of electronic correlations and the structural instability in the MIT-remains a matter of debate [15] [16] [17] [18] . A complete understanding of this correlated system is necessary to predict and control the emergent properties as a function of external parameters.
Broadband infrared (IR) and optical spectroscopy is a powerful technique for investigating the MIT in VO 2 because it provides insight into both the lattice and the electronic structure via the IR active phonons and the optical interband transitions, respectively. Previous IR and optical spectroscopy experiments have been performed on bulk VO 2 and thin films [12] [13] [14] 19, 20] . However, VO 2 films grown on different substrates and by different techniques can have significantly different strain states and microstructure. Because of the extreme sensitivity to external parameters in strongly correlated systems mentioned previously, accurate characterization of the strain and microstructure of various films, as well as the resultant emergent properties, can provide additional insight into the physics of these materials.
In this paper, we report the IR and optical properties of a VO 2 film grown on a quartz substrate. The paper is organized as follows. We start with a thorough description of our preliminary characterization of the sample and then describe the IR and optical spectroscopy experiments. Next, we report our results on the IR active phonons in the M 1 phase. We then report and discuss the strain induced changes of the electronic interband transitions in both M 1 and rutile phases. We conclude with a brief summary of important results and their implications. Technical details of the experiment and data analysis, as well as tabulated optical constants of the VO 2 film, are presented in the Supplemental Material [21] .
II. EXPERIMENTAL METHODS

A. Sample characterization
The VO 2 film used in this experiment is a 70 nm thick VO 2 film on a 0.5 mm thick (001) quartz substrate. The film was synthesized using the reactive biased target ion beam deposition (RBTIBD) method [22] . The growth conditions for optimal stoichiometry are the same as those reported elsewhere [22, 23] . An atomic force microscope image of the sample, shown in Fig. 1(b) , indicates that the VO 2 film consists of many individual grains with an in-plane size of ∼100 nm. X-ray diffraction shows that the individual VO 2 grains are oriented such that the (011) plane of the M 1 phase is in the plane of the substrate; see Fig. 1(c) and [21] . This becomes the (110) plane in the rutile structure [21] . However, there is no preferred orientation of the grains with respect to rotations about the out of plane direction.
The first-order phase transition in this film exhibits the classic hysteresis usually observed in VO 2 . The temperature dependent transmission through the VO 2 film-substrate system at 0.5 eV provides a clear picture of the hysteresis loop for the MIT in this particular film [ Fig. 1(d) ]. The photon energy of 0.5 eV is just below that of the energy gap in insulating VO 2 , resulting in minimal absorption and high transmission intensity. The transmission drops with the occurrence of metallicity in the vicinity of the MIT due to the increased reflectance and absorption of the metallic phase. The T c of the film is depressed from the bulk T c of 340 to 325 K. The 15 K width of the hysteresis loop in this film is somewhat broader than what is seen in VO 2 crystals [24] . Such broadening of the hysteresis and the phase transition is typical of polycrystalline VO 2 thin films because of variation in grain size and strain inhomogeneity. This inhomogeneity is consistent with the width of the x-ray diffraction peak shown in Fig. 1(c) . 
B. Spectroscopic methods
Spectroscopic measurements were performed to study the optical properties of the VO 2 film on quartz between 7.5 meV and 6.0 eV. This broad spectral range is necessary to characterize both the electronic and the lattice degrees of freedom. Specifically, temperature dependent spectroscopic ellipsometry was performed in the spectral range between 0.6 and 6.0 eV at temperatures of 300 and 360 K. The VO 2 is in the M 1 insulating phase at 300 K and in the rutile metallic phase at 360 K. Due to its self-referencing nature, spectroscopic ellipsometry enables precise measurement of the complex dielectric function of the sample. To extend our spectral range into the far-IR, near-normal incidence reflectance between 7.5 meV and 1 eV was obtained at 300 and 360 K. In addition to the VO 2 film on quartz, the same temperature dependent spectroscopic measurements were performed on the (001) quartz substrate. In order to obtain the optical constants of the VO 2 film, the ellipsometry and reflectance data for the substrate and the VO 2 film-substrate system was fit with Kramers-Kronig consistent Drude, Lorentzian, Tauc-Lorentzian, and Gaussian oscillators. We report the optical constants of the VO 2 film at 300 and 360 K in the insulating and metallic phases, respectively. Spectra and fits, in addition to technical details about the modeling procedure, are included in the Supplemental Material [21] .
III. RESULTS AND DISCUSSION
A. Sample strain
In a polycrystalline thin film that is not lattice matched to the substrate, such as the one studied in this paper, the resultant strain state of the film is particularly dependent on the growth technique. Stresses occur between neighboring grains and have been shown to affect the T c of VO 2 [25] . Such strain is sensitive to the grain size and film microstructure, and both these properties are influenced by the growth conditions. There are additional factors present in sputtered films [26] . In a process referred to as "shot peening," compressive strain arises as a result of the sample being bombarded by energetic particles during growth. Compressive in-plane strain in sputtered oxide films is often attributed to this effect [27, 28] . Thermal strain from the mismatch of the coefficient of thermal expansion between the film and the substrate may also be present.
The out of plane strain can be calculated by comparing the measured x-ray diffraction data shown in Fig. 1(c) with the literature. X-ray diffraction shows that the (011) M 1 plane spacing is 3.23Å in the present sample. From the literature, the (011) M 1 plane spacing ranges from 3.1978 and 3.2067Å for bulk VO 2 [29, 30] . Averaging the literature values implies a tensile strain in the out of plane direction of 0.89%. This type of tensile strain would result from compressive strains in the plane of the substrate. The transition temperature for the MIT is expected to be most sensitive to strain along the a M (c r ) direction [31] . Depression of the T c to 325 K, as is the case in our film, has been seen in VO 2 nanorods with a compressive strain of 1.5% along a M [10] . Similar strong dependence of the T c as a function of strain has been seen in VO 2 films on TiO 2 [32] . In both cases, compressive strain along a M results in depression of the transition temperature. Thus, it is reasonable to conclude that the VO 2 film we studied has a compressive strain of ∼1.5% along a M .
The a M axis contracts by ∼1% across the phase transition into the rutile phase. This would tend to relax compressive strains along c r (a M ) in the metallic phase. Some partial relaxation of the in-plane strain is evidenced by the shift of the x-ray diffraction peak towards the bulk rutile value shown in the Supplemental Material [21] . However, as the out of plane strain in the metallic phase is still tensile, the in-plane strain is still somewhat compressive. Additional changes to the strain as the sample is heated across the MIT could be induced due to the mismatch of thermal expansion coefficients between the VO 2 film and the quartz substrate. The coefficients of thermal expansion of a r VO 2 , c r VO 2 , and aaxis quartz are 4 × 10 −6 /K, 25 × 10 −6 /K, and 16 × 10 −6 /K, respectively [33, 34] . Thus, this is at most a 0.1% effect over the 60 K temperature range investigated in this paper and has a negligible impact on the strain state of the film.
Here, we discuss the stoichiometry of the VO 2 films we have studied. One effect of oxygen deficiency is to reduce the T c . However, oxygen deficiency also increases disorder in the film, which significantly reduces the jump in the dc conductivity across the MIT [23] . In the films we studied, the optical conductivity in the low frequency limit changes by four orders of magnitude across the MIT. This is consistent with stoichiometric VO 2 with minimal oxygen deficiency, comparable to single crystals. Moreover, we clearly see VO 2 optical phonon features in the spectra, which is further evidence that the film is composed of crystallites with minimal disorder due to oxygen deficiency. Hence, the reduction in the T c in our films is due to compressive in-plane strain rather than oxygen deficiency.
B. IR active phonons and lattice dynamics
Due to the polycrystalline nature of the film, we measured the reflectance with unpolarized light. Thus, features due to IR active phonons of both A u and B u symmetries are expected to appear in the reflectance data in the insulating M 1 phase. However, the relative strengths of each phonon will depend on the orientation of the dipole moment relative to the plane of the sample: Phonons with in-plane dipole moments will have a larger contribution to the effective optical constants [19, 20] . The dipole moments of the A u phonon modes, which lie parallel to b M , are at 45°out of the plane of the substrate in this film geometry. In contrast, the B u modes have dipole moments in the a M − c M plane. Depending on the specific B u mode in question, the dipole moments could be anywhere from 0°to 45°out of plane. Thus, all 15 IR active phonons should, in principle, contribute to the measured spectrum.
The measured imaginary part of the complex dielectric function in the phonon region of the VO 2 film is shown in Fig. 2(a) . We are able to resolve eight IR active phonons in this paper. The IR active phonons in VO 2 crystals have been previously characterized by optical spectroscopy [19, 20] . It is not unusual that we resolve fewer than the expected 15 IR active phonons, as some VO 2 phonons overlap. Moreover, the sample is a thin film, resulting in much weaker phonon features in comparison to those of the quartz substrate, which dominate the measured spectrum in this region. More importantly, the The measured center frequencies of the IR active phonons of the VO 2 film are compared to previous data taken on bulk crystals [19] . Open circles denote phonon modes from Ref. [19] that are not obvious in the spectra measured in this paper (see text).
clearly resolved VO 2 phonon center frequencies differ from the bulk values by at most 1.3% [ Fig. 2(b) ]. Raman spectroscopy performed on films grown by the same method also shows negligible shift in the phonon center frequencies compared to bulk VO 2 [35] . Remarkably, the lattice dynamics are virtually unchanged relative to bulk VO 2 in a film where the T c is so significantly depressed.
Previous experiments have seen that spectral features due to the rutile phase phonons are fairly weak and difficult to resolve from the metallic background [19, 20] . In this paper, IR active phonon features in the rutile phase are not observed in the reflectance spectrum. Apart from the high conductivity of VO 2 in the metallic phase, the absence of rutile phonon features in this paper can be attributed to the thin film nature of the sample and strong phonon features of the quartz substrate.
C. Interband transitions and electronic structure
Assignment of spectral features
In the absence of polarization dependent data due to the polycrystalline nature of the film, features in the optical conductivity cannot be unambiguously assigned to specific interband transitions. However, energy scales of the measured spectral features can still be discussed within the context of band theoretical results on VO 2 [36, 37] . A schematic view of the band structure of VO 2 is shown in Fig. 3 to support the following discussion. The lower and upper Hubbard bands (LHB and UHB, respectively), which, in the rutile phase, arise from electronic correlations not considered by conventional band theory, are shown explicitly in Fig. 3 .
The measured optical conductivity for the rutile phase at 360 K is shown in Fig. 4(a) . Some of the lower energy interband transitions in this compressively strained sample differ significantly from those measured previously on bulk VO 2 and thin films [12] [13] [14] 19] . The VO 2 film on quartz exhibits a broad Drude-like metallic response "q" and an interband transition "s," which are consistent with previous papers. Feature s at 3.1 eV is attributed to transitions between the O 2p orbitals and the vanadium e π g bands. However, in this strained VO 2 film on quartz, we resolve additional features: a pseudogap-type feature in the low frequency electronic response "p" and well-defined features "r" and "t" at 2.2 and 5 eV, respectively. The pseudogap-type feature p has been seen in a few previous papers [20, 38] . Compressive strain along c r is expected to lower the energy of the a 1g band [11] . This is supported by x-ray emission spectroscopy experiments on strained VO 2 films grown on TiO 2 [39] . The slight lowering of the filled a 1g bands relative to the e π g bands could account for the prominence of the pseudogap-type feature p if this feature is due to optical transitions between those two bands. This lowering in energy of the a 1g band, due to compressive strain, would increase the occupation of the bottom half of the a 1g band. Increased occupation of the a 1g band could lead to a reduction in screening and an increase in electronic correlation effects for electrons in the a 1g bands, similar to the explanation presented by Zylbersztejn and Mott for the insulating M 1 phase [15] .
Correlation effects in the rutile phase could lead to a degree of splitting of the a 1g band into lower and upper Hubbard bands [40] . A "satellite" of the a 1g band, consistent with this type of lower Hubbard band, has been seen previously in photoemission experiments on bulk VO 2 [41] . We interpret feature r as transitions from the filled parts of the a 1g bands (both the unsplit portion and the lower Hubbard band) to the unfilled upper Hubbard band. Such splitting could also account for feature t if it is assigned to the transition between the O 2p and the upper Hubbard bands. There is also likely some absorption near 5 eV due to transitions between the O 2p and the e σ g bands, as the O 2p to e π g transition is seen at 3 eV and the crystal field splitting between e π g and e σ g is expected to be on the order of 2 eV [42] . A well resolved feature at 5 eV is not present in the M 1 phase, which supports the assignment of feature t to a transition involving the upper Hubbard bands, as these bands might be expected to shift more significantly across the MIT. In this scenario, the upper Hubbard band would need to lie at an energy close to that of the e σ g bands. This would imply a correlation induced Hubbard splitting of a comparable magnitude to the crystal field splitting and is expected to be much larger than the splitting caused by a Peierl-type lattice distortion.
Increased correlations due to compressive strain, as discussed above, would result in more states being shifted into the satellites of the a 1g orbital and could account for why we are able to clearly resolve features r and t in this sample. It is also possible that correlation effects lead to significant splitting of the a 1g bands even in the unstrained rutile phase. Subtle evidence of a transition between the Hubbard bands was seen previously in rutile VO 2 on sapphire near 3 eV [13] . However, this feature could not be clearly resolved from the O 2p to e π g transition. Thus, it is also possible that this feature has been shifted to a lower energy in our particular film.
The measured optical conductivity for the M 1 phase at 300 K is shown in Fig. 4(a) . Features "A" and "C" are consistent with previous papers [12] [13] [14] . Feature A is attributed to transitions between the filled bonding a 1g and the empty e π g bands, while feature C is attributed to transitions between the filled O 2p and the empty e π g bands. We observe an additional feature "B," which is different from previous papers. While a strong feature at low energy, ∼0.9 eV, is seen in single crystals for light polarized perpendicular to a M [12] , feature B in the present paper is somewhat stronger and at a much higher energy, 1.9 eV. A similar strong feature at 1.9 eV is not seen in previous paper on thin films grown on sapphire and TiO 2 [13, 14] .
Interestingly, the transition between a 1g and a * 1g , which has been seen in previous experiments on bulk crystals and thin films around 2.5 eV [12, 13] , is not clearly present near this energy in VO 2 on quartz data. It is likely that this transition has been downshifted as a result of strain. It is possible that feature B is the a 1g to a * 1g transition, having been shifted to lower energies in this particular film. Such an interpretation is not unreasonable, given that the analogous feature in the rutile, feature r, occurs at a similar energy to feature B. However, recent dynamical mean field theory (DMFT) calculations show that the splitting between a 1g and a * 1g should increase with compressive strain along the a M axis [31] . Such an increase in splitting would result in a shift of the a 1g to a * 1g transition to higher energies, into the vicinity of feature C. Indeed, there is fine structure in feature C that would be consistent with such an explanation.
The evidence for Hubbard bands in the rutile metal suggests that correlation effects are significant enough to govern the evolution of VO 2 properties upon lowering temperature. In Goodenough's band theory picture [11] , the antiferroelectric displacement of the vanadium atoms in the M 1 structure is necessary to raise the energy of the e π g bands above the Fermi energy to produce an energy gap. However, in both the present experiment and a previous paper [13] , the O 2p to e π g transition is not shifted appreciably, certainly much less than the 0.6 eV band gap of M 1 VO 2 . This could indicate that the e π g band is not as strongly dependent on the change in lattice symmetry as expected. Alternatively, the O 2p bands may shift significantly across the phase transition.
Spectral weight transfer
As the f -sum rule is a fundamental statement of conservation of charge in a material, it should be conserved across the MIT. The total spectral weight (A total ) is conserved as follows. The following equations employ Gaussian (cgs) units:
Here, σ 1 (ω) is the real part of the optical conductivity as a function of photon energy ω, n is the number of electrons in a volume V of the material, e is the elementary charge, and m 0 is the free electron mass. By integrating to a finite frequency, one can consider the spectral weight (A) below a certain photon energy ( ω c ):
It is interesting to define N eff , which in the spirit of Eqs. (1) and (2), gives us the effective number of carriers with optical mass equal to m 0 that contribute to absorption below a certain photon energy ω c :
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The effective number of carriers are shown in Fig. 4 (b) as a function of photon energy. The volumes used for this calculation are ½ of the rutile [33] and ¼ of the M 1 [30] unit cell volumes from the literature. This corresponds to the volume of a single formula unit and thus a single vanadium atom. While there are some slight shifts in spectral weight up to and exceeding 6 eV, 95% of the spectral weight has been recovered by 4 eV. The f -sum rule is still not fully satisfied at such high energies, which clearly indicates a rearrangement of the electronic structure at even higher energies. For example, feature t, clearly resolved in the rutile phase at 5 eV, is not present in the M 1 phase. Such rearrangement at higher energy scales supports the hypothesis that the MIT in VO 2 is electronically driven. Previous optical spectroscopy measurements have also shown shifts in spectral weight across the MIT up to and exceeding 6 eV [13, 14] .
The spectral weight of the conduction electrons (features q and p) in the rutile phase will be largely contained below 1.8 eV in the broad Drude-like feature. While one might naively expect one conduction electron per vanadium atom, N eff at this energy is only 0.21. This indicates that the effective electron mass (m * ) of the conduction electrons is several times m 0 and/or that the spectral weight of the correlated vanadium 3d electrons has shifted to energies higher than 1.8 eV.
IV. CONCLUSIONS
The properties of strongly correlated condensed matter systems can change dramatically when subject to external perturbations such as strain. In the VO 2 film on quartz substrate investigated in this paper, compressive strain along the a M (c r ) direction results in the T c being shifted down to 325 K from the bulk T c of 340 K. Broadband IR and optical spectroscopy was used to characterize both the electronic and the lattice-structural degrees of freedom in this film to elucidate the cause of this significant change in the T c and its implications regarding the nature of the MIT in VO 2 .
Strain affects the interband transitions by altering the relative energies of the bands, as well as their orientation in real space. Such changes can have important implications in a correlated system where Coulomb repulsion between electrons, orbital overlaps, and screening play nontrivial roles. Some interband transitions in this strained VO 2 film differ significantly from those measured previously in bulk crystals and thin films. In particular, two new features are observed.
Features at 2.2 and 5.2 eV are observed in the rutile phase, which we attribute to transitions between the filled a 1g and O 2p states and the upper Hubbard band. It is possible that these features are more prominent because the compressive strain along c r increases the occupation of the a 1g orbital relative to e π g , thereby reducing screening and enhancing correlation effects in the a 1g band. A new feature is seen at ∼1.9 eV in the M 1 phase; the values of ε 2 and σ 1 are significantly higher at this energy than in bulk crystals or other thin films. A definitive assignment of the a 1g to a * 1g optical interband transition is not possible at present, although there are two possible scenarios: Either it has been shifted down to 1.9 eV due to strain and appears as feature B, or it appears as a fine structure in feature C near 3 eV.
Interestingly, unlike the interband transitions, the IR active phonons in these strained films are similar to their bulk counterparts, indicating that the forces between the vanadium and the oxygen ions remain largely unchanged despite the strained nature of this film. Nevertheless, this strain is sufficient to cause significant changes in the transition temperature and the optical interband transitions. This would indicate that the T c is more sensitive to changes in the orbital overlaps and occupation than it is to changes in the lattice dynamics. It is reasonable to conclude that the MIT in VO 2 is more likely to be driven by changes in electronic correlations and orbital occupations rather than by lattice dynamics. The change in lattice structure could then occur as a consequence of the variations in electronic structure and interactions.
As the electronic and optical properties of VO 2 are incredibly sensitive to strain, this system has potential for applications for which strain engineering could be used to tune these properties. We have measured and documented the IR and optical properties of VO 2 film on quartz substrate. This is a necessary step towards fully realizing the potential of strain engineering in this material.
